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ABSTRACT 
The d i f f e r e n t i a l  energy spec t ra  of HI, (Z 2 20) and 
H (2 2 10) n u c l e i  were measured i n  a bal loon f l i g h t  a t  a 
tiate close t o  s o l a r  minimum using a nuclear  emulsion 
s t ack  
Manitoba, Canada on 30th June, 1965. Delta-ray dens i ty  
flown a t  an a l t i t u d e  of 2.7 g/cma from For t  Churchi l l ,  
and r e s idua l  range measurements on t racks  and measurements of 
change of 6-ray dens i ty  w i t h  t r ack  length uere  used 
t o  determine the charge and energy of the nuc le i .  The 
measured d i f f e r e n t i a l  f luxes of H1 , (Z 2 20) and H (Z 2 10) 
n u c l e i  a r e  0.0013 - + 0.0006 and 0.0045 - + 0.0010 p a r t i c l e s /  
g - s r . - s e c .  MeV per  nucleon i n  the energy range 300-500 MeV 
per  nucleon and 0.0011 + 0.0004 and 0.0049 - + 0.0008 
par t ic les /@-sr . - sec .  MeV per  nucleon i n  the energy 
range 500-800 MeV per  nucleon. These r e s u l t s  a r e  i n  
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agreement with s a t e l l i t e  and rocket  measurements made i n  
the s i m i l a r  energy range and when compared with l o w  energy 
measurements i nd ica t e  an energy spectrum of n u c l e i  t h a t  
i s  f l a t t e r  than those observed during e a r l i e r  years .  
1. INTRODUCTION 
A knowledge of t h e  de t a i l ed  r e l a t i v e  abundances and energy 
spec t r a  of cosmic ray n u c l e i  can  be used t o  d r a w  some important 
inferences on the o r i g i n  of the cosmic r ad ia t ion .  Very r ecen t ly  
during the near  s o l a r  minimum such s t u d i e s  of t h i s  composition i n  
the  low energy region (20-300 MeV pe r  nucleon) have been made using 
the  da t a  obtained from s a t e l l i t e s 1  ,a  and sounding rockets3.  Since 
the  charge and energy spec t r a  of these  n u c l e i  during s o l a r  minimum 
is  of g rea t  i n t e r e s t  f o r  the  study of phenomena of s o l a r  modula- 
t i o n  as wel l ,  we made measurements, of the  energy s p e c t r a  of 
n u c l e i  of  charge Z 2 10 t h a t  extend i n t o  the  energy range 200- 
800 MeV per nucleon using a nuclear  emulsion d e t e c t o r  flown i n  
a ba l loon  a t  For t  Churchi l l ,  Manitoba, Canada. S imi l a r  a t tempts  
t o  s tudy the d i f f e r e n t  components during a per iod c l o s e  t o  s o l a r  
minimum 1964, have been reported i n  l i t e r a t u r e 4 y 5  . W e  f i r s t  descr ibe  
our r e s u l t s  and combine them wi th  the  a v a i l a b l e  d a t a  from the same 
period and then compare them wi th  measurements made a t  o t h e r  times 
i n  s i m i l a r  charge and energy i n t e r v a l s  
- 3 -  . 
2.  EXPERIMENTAL DETAILS 
The s tack  of emulsions used i n  the  present  work consis ted of 
296 p e l l i c l e s  of 20 cmx 10 cmx 600 p th ick  I l f o r d  emulsions of 
various s e n s i t i v i t i e s .  The types used were a l t e r n a t e  G5 and G 2  
p e l l i c l e s ;  every n in th  p e l l i c l e  being used was a GO emulsion. 
The s tack  was exposed i n  a balloon f l i g h t  flown from For t  
Churchi l l ,  Canada fo r  10.1 hours on the  30th June, 1965 a t  a 
mean a l t i t u d e  of 2.7 g/cm2 of r e s idua l  atmospheric depth.  This 
s tack  was ro ta ted  through 180° a t  the  c e i l i n g  a l t i t u d e ,  t o  allow 
d iscr imina t ion  between p a r t i c l e s  co l l ec t ed  during ascent  and those 
recorded during the  f 1 ight  . 
The c e n t r a l  G 5  emulsions i n  t h i s  s t ack  were scanned along 
a l i n e  p a r a l l e l  t o  and 5mm below the  top edge of the s t ack .  The 
scan l i n e  w a s  8 cms long and began and ended a t  l e a s t  6 cms away 
from the  s i d e s  of the s tack .  Tracks were accepted t h a t  had a 
projected.  length g r e a t e r  than o r  equal t o  2.0mms per  p l a t e ,  a 
pro jec ted  zeni th  angle 30° ( in  the  emulsion p lane) ,  and an 
ion iza t ion  I 2 64 Io, where Io is the  proton minimum ion iza t ion  i n  
the  s t ack .  The s e l e c t i o n  of ion iza t ion  was made from 6-ray dens i ty  
measurements a s  discussed below. The t racks  se lec ted  were followed 
through the  s tack  u n t i l  they ended o r  i n t e rac t ed  within the s t ack  
o r  l e f t  the  s t ack .  Tracks were a l s o  followed backwards t o  the top 
of the s t ack ;  those t h a t  came from an i n t e r a c t i o n  were r e j ec t ed .  
The charge and energy of the nuc le i  were determined by a 
combination of 6-ray counting and r e s idua l  range techniques. 
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These methods have been described i n  d e t a i l  i n  l i terature '-* before .  
Delta-ray dens i ty  measurements were made near  the  po in t  of e x i t ,  
i n t e rac t ion  o r  ending; a t  l e a s t  200 6-rays were counted a t  each 
poin t .  
6-ray count VS-range was performed f o r  a d i s t ance  of 2mm o r  the  
t rack  length ava i l ab le  i n  the G5 emulsion. Two procedures of 
6-ray counting were used; "shor t  6-ray counting" i n  which 6-rays 
containing four o r  more g ra ins  w e r e  counted and "long 6-ray counting" 
i n  which 6-rays having a projected length g r e a t e r  than 3 . 2  p from 
the t rack were counted. The r e s u l t s  presented here  a r e  mainly from 
the long 6-ray counting; the  o the r  method was used only a s  an 
add i t iona l  measurement t o  separa te  charges 8 and 10. 
For a l l  t racks  which stopped i n  6 5  emulsion, an i n t e g r a l  
A c a l i b r a t i o n  of the  i n t e g r a l  counting technique was obtained 
using a sample of wel l - ident i f ied  stopping helium nuc le i  t h a t  made 
small  d i p  angles with the  emulsion sur face .  
- two long f l a t  stopping p a r t i c l e s ,  were then determined r e l a t i v e  t o  
the  helium nuc le i  s o  t h a t  they could be used a s  c a l i b r a t i o n  t racks  
f o r  subsequent 6-ray counting. Thei r  k i n e t i c  energ ies  i n  MeV per  
nucleon, were determined using the  range energy r e l a t i o n s h i p  given 
by Barkas '. Using these c a l i b r a t i o n  t r a c k s ,  both types of  &-ray 
counts were made near the  scan l i n e  and a t  d i f f e r e n t  po in t s  along 
the t rack .  The c a l i b r a t i o n  curves of (Ng) versus the  v e l o c i t y  of 
the  nucleus @, were made f o r  d i f f e r e n t  p a r t i c l e  charges ,  2, using 
the r e l a t i o n ,  
The charge values  of 
N 6  a ( z ' / P )  + b (1) 
where a and b a r e  constants  determined from the  c a l i b r a t i o n  t racks .  
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These curves were then used t o  determine the  charge and energy 
values of a l l  n u c l e i  t h a t  e i t h e r  stopped, l e f t  the  s t ack  o r  
in te rac ted .  I n  the  case of t racks  t h a t  stopped i n  the  emulsion, 
only the 6-ray dens i ty  a t  t he  scan l i n e  and r e s idua l  range were 
used; f o r  o the r  t racks  the two 6-ras,, counts and the  d is tance  
between them were used. 
made on favorable f l a t  t racks  t o  Ckzck the  accuracy of the  energy 
(and charge) determined from 6-ray counts.  A bas i c  c e l l  length 
of 250 p was employed f o r  t h i s  purpose. The energ ies  thus estimated 
by two methods a r e  swmarized i n  Table I. 
I6dt ipZe s c a t t e r i n g  measurements were 
TABLE I SCATTERING MEASUmME;NTS ON FLAT TRACKS 
Energy measured i n  MeV per  nucleon 
Charge 
Z from 6-ray dens i ty  measurements from mul t ip le  s c a t t e r i n g  
of the  nucleus measurements 
10 
1 2  
11 
13 
10 
26 
569 & 40 
451 + 29 
548 + 33 
776 + 36 
451 + 1 7  
818 + 75 
- 
- 
- 
- 
- 
535 - + 113 
469 2 75 
560 + 93 - 
810 + 228 
431 + 100 
740 - + 150 
- 
- 
It may be added here  t h a t  the  va r i a t ion  of s e n s i t i v i t y  of emulsion 
wi th  depth and from p l a t e  t o  p l a t e  was s tudied from measurements of 
g r a i n  dens i ty .  This v a r i a t i o r  was found t o  be l e s s  than f ive  pe r  
c e n t  ( t h e  percentage e r r o r  i n  the g r a i n  count ing) ,  when these 
measurements w e r e  confined t o  the c e n t r a l  seventy per  cent  of the  
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emulsion thickness .  A l l  measurements were made wi th in  t h i s  
c e n t r a l  region. 
A sample of the t racks  were 6-ray counted by two d i f f e r e n t  
observers.  A s c a t t e r  p l o t  of the charge values determined f o r  
these p a r t i c l e s  is shown i n  Fig.  1 .  A histogram of the  charges 
of a l l  the 108 p a r t i c l e s  of charge Z 2 9 found i n  t h i s  experiment 
is  shown i n  Fig.  2. 
Scanning e f f i c i e n c y  he re  was determined by a rescan of 
7 1  pe r  cent  of the 31.0 cma t o t a l  area. 
found t o  be 97.7% f o r  H n u c l e i  (of charge Z 2 10)  and 100% f o r  
H1 nuc le i  (of charge Z 2 20) .  
T h i s  e f f i c i e n c y  was 
The energy of each t rack  a t  the  top of t he  atmosphere was 
determined by using the range-energy r e l a t i o n  of Barkas and 
Bergerl’ and the pa th  length  appropr ia te  f o r  the zen i th  angle  of 
the p a r t i c l e .  Using these energ ies ,  the f l u x  values  i n  var ious 
energy in t e rva l s  were ca l cu la t ed .  These f luxes  were then cor rec ted  
f o r  fragmentation of the  n u c l e i  i n  a i r  and emulsion using the parameters 
given by Daniel and Durgaprasad’’ and adopt ing the  procedure given 
by Durgaprasad7. 
appl ied separa te ly  would introduce an e r r o r  i n t o  the f l u x  ex t rapola ted  
t o  the top of the atmosphere. However, s ince  the f ragmei ta t iun  
cor rec t ions  made here  were only about 6X and 12% f o r  emulsion and 
a i r  respec t ive ly ,  we fee l  t h a t  t h i s  approximation i s  j u s t i f i e d .  
The energy and fragmentation c o r r e c t i o n ,  when 
3. RESULTS AND DISCVSSIQN 
The d i f f e r e n t i a l  energy spec t r a  of H-nuclei (Z 2 10) and 
H1-nuclei (Z 2 20) obtained f o r  the  top of the  atmosphere i s  given 
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i n  Table I1 and is  p lo t t ed  i n  Fig.  3. 
TABLE 11 DIFFERENTIAL ENERGY SPECTRA OF 
H z y 3  (Z = 10-19), H1 (Z = 20-28) and H ( Z  2 10) NUCLEI 
Energy i n  
MeV/nucleon 
P a r t i c l e  f l u x  i n  Particles/M'-sec-sr. MeV per  nucleon 
z = 10-19 Z = 20-28 Z = 10-28 
200-300 0.0017 + 0.0009 -- -- 
300-500 0.0032 - + 0.0008 0.0013 - + 0.0006 0.0045 - + 0.0010 
500-800 0.0038 - + 0.0007 0.0011 - + 0.0004 0.0049 - + 0.0008 
- 
The i n t e g r a l  p a r t i c l e  f l u x  values measured during t h i s  period f o r  energ ies  
E 2 700 MeV/nucleon, f o r  H l ,  H Z y 3  and H-nuclei a r e  0.53 2 0.15, 
1.48 - + 0.24, 2.01 - + 0.28 par t ic les /*-sr-sec.  respec t ive ly .  
same time, the d i f f e r e n t i a l  energy spec t r a  of H nuc le i  and HI-nuclei i n  
Near the  
the  energy range (30-300 MeV pe r  nuc1eon)weremeasured by Reames and 
Fichte13 using nuclear  emulsion s tacks flown i n  Aerobee rockets on 17th 
and 23rd June, 1965. The da ta  obtained by these authors  is shmn i n  the  
Fig.  3. S imi la r  measurements of the energy spec t ra  of E-nuclei  i n  
the  same energy range (50-800 MeV pe r  nucleon) were ava i l ab le  f o r  
H-nuclei and has been summarized by Durgaprasad". 
included i n  Fig.  3. One s t r i k i n g  f e a t u r e  of the  spectrilm obtained 
near  s o l a r  minimum i s  the  r e l a t i v e  f l a t n e s s  of the spectrum a t  low 
energ ies  a s  compared t o  the  spectrum obtained during e a r l i e r  years .  
Also during the  time c lose  t o  the s o l a r  minimum, the  energy spec t ra  
o f  helium, l i g h t  (Z = 3-5) and medium ( Z  = 6-9) nuc le i  as  wel l  a s  of 
protons i n  the  low energy range were measured by Balasubrahmanyan e t  a l . , l  
This da ta  is  a l s o  
- 8 -  
i n  OGO-I and IMP-I11 sa t e l l i t e s .  Cornstock e t  a la , ’  i n  add i t ion ,  
have measured the spec t r a  of N e ,  Mg, S i ,  Z = 15-25, Fe-Ni elements. 
They a l s o  have reported f l a t  spec t r a  i n  the  low energy region when 
compared with the  helium spectrum. 
given i n  Fig.  3 has been derived from the  quoted Fe-Ni energy spectrum 
and the charge-abundances reported by them. Our r e s u l t s  a r e  i n  
agreement with t h e i r  f ind ings  . 
The energy spectrum of H n u c l e i  
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